The effect of the raw materials and mixing ratio on the heat transfer and structure of mould slag was studied in the present paper. Three groups of mould slag with identical chemical composition were designed by various raw materials and mixing ratio. The result indicates that the raw material has minor effect on viscosity, melting point and crystalline phase of the mould slag; whereas, it affects the formation and size of crystal. The wollastonite in slag has higher crystallization capacity; therefore, it promotes the formation of thicker solid slag film with higher porosities and consequently prevents the strong heat flux through the slag film. Compared with wollastonite, prefused material in the slag has capability to restrain the crystallization process; hence, the thinner solid slag film with uniform size and finer grain is formed. The experiment proves that prefused mould powder has good performance on heat transfer.
Introduction
Mould slag plays an important role in continuous casting. The functions of mould slag include: 1) preventing reoxidation; 2) providing thermal insulation layer; 3) absorbing inclusions; 4) lubricating strand; and 5) controlling heat transfer.
1) The horizontal heat transfer in the mould is considered critical to slab quality. [2] [3] [4] A great number of researches on the heat transfer of mould slag have been performed. [5] [6] [7] [8] Mills 7) and Vermeulen 8) pointed out that there are two key factors that could affect the heat transfer of mould slag. The one is the thickness of the solid slag film; the other one is the crystallization ratio in the film. Furthermore, Taylor 9) found that the type of crystal in the slag has contribution on the thermal conductivity. So, a systematic study of mould slag should cover all the properties above.
Although the chemical composition is identical, the mould slag has different heat transfer performance in casting mould since the slag is made of various raw materials. Basically, the raw materials can be classified as: base material, fluxing agent, and carbon. 10) Normally, base material could represent the raw material of slag. Borhani 11) has investigated the physical and chemical properties of mould slag that with the same chemical composition but different raw material type. The study tells that raw material type has minor influence on viscosity, melting point, and the type of crystal precipitated. However, the effect of the raw material on the formation of solid film was not conducted since the slag film sample that should be identical to the real condition was not available.
Due to the limitation of laboratory, it is extremely difficult to obtain the real cast condition for mould slag testing. The study on the behavior of solid slag film is a challenge until Dr. Wen 12,13) designed a Mould Slag Film Heat Flux Simulator (HF-200). The advantage of the simulator is that it could represent the horizontal heat transfer process in the mould, which makes the experiment more reliable. The simulator was applied in the current study. Three groups of mould slag with identical chemical composition but made of different raw materials and mixing ratio were tested. The test included the thickness of solid slag film, crystallization ratio, and morphology of the crystal, which provided with sufficient data to study the effect of slag raw materials on heat transfer and structure.
Experimental

Slag Preparation
The main components in the experimental slag base material include wollastonite and the prefused material. Wollastonite is a natural material; Prefused material is a synthesized material. The slags were made of different raw materials with special mixing ratio to maintain the similar chemical composition, as shown in Table 3 . The data shows that the chemical composition of three slag samples is identical. The melting point and viscosity of the slags are similar as well. The finding is similar to Borhani's 11) that the viscosity and melting point of the mould slag depend on the chemical composition instead of raw materials.
Experimental Method
HF-200 Mould Slag Film Heat Flux Simulator (apparatus error: ±1.5%) has been applied to test the heat flux and collect slag samples. 12, 13) The detailed introduction about the heat flux simulator was presented in the reference 13. A copper sensor was used in the simulator to simulate the mould wall, as shown in Fig. 1(a) . The slag film attached on the sensor is illustrated in Fig. 1(b) . Such equipment has capability to simulate the behavior of slag in the continuous cast mould. The formation of slag film near both cast mould wall and strand can be represented by the different side of slag film formed in the apparatus. The sample is charged when the temperature of Si-Mo heating furnace reaches 1 400°C. The holding time for the sample is around 70 minutes until the temperature of the furnace arrives to 1 400°C. Before the copper sensor is inserted, keep the constant temperature at least for ten minutes and start to stir the molten slag for the purpose of homogenize. During the testing, the immerse time for the copper sensor is 45 seconds. The temperature of the cooling water is around 35±0.5°C with flow rate of 200 L/h.
After each group of experiment, the measured heat flux was plotted with testing time. The regression function from time t1 to 45 seconds follows Eq. (1), as shown in Fig. 2(b) . ; t is the immersion time of sensor, second; A and B are the regression coefficients.
The characteristic time represents the time for the formation of air gap between mould slag and copper sensor. The heat flux tends to be stable once the immerse time arrives to the characteristic time.
The characteristic time of each group of mould slag was calculated through Eq. (3). The average value of heat flux A lu mi n a --9 9. 9 9 ------ from time t1 to t2 is used for the average heat flux of slag. The data is from actual measurement. The thickness of solid slag film was measured by vernier caliper. The film thickness was decided by average value based on the measurements from different positions of the solid film. Two of them are from the middle part of the wide face and one is from the narrow face of the solid film. The crystalline phase of mould slag was characterized by XRD. The morphology and microstructure of the slag film were observed via SEM. The thickness ratio between the crystallization layer and entire solid film was defined as crystallization ratio of the solid slag film.
The Results and Discussion
The Influence of Raw Material Type on Heat
Transfer of Mould Slag Figure 3 shows the heat flux change with immersion time for S1, S2 and S3. It indicates that the maximum heat flux of S1, S2 and S3 are distinctly different. The maximum heat flux of S2 and S3 are 14.30% and 26.90% higher than that of S1 since the prefused material in both S2 and S3 are much higher than that of S1.
The curves of heat flux for S2 and S3 are very similar. They almost have the same tendency and time for maximum heat flux. After S1 reaches its maximum heat flux, the heat flux drop rate is much lower than that of S2 and S3. The regression analysis for different slags was performed. According to Eq. (3), the characteristic time for S1, S2, and S3 are 17 s, 22 s, and 23 s. Compared to S1, both S2 and S3 have longer characteristic time and they are identical.
In addition, the measured average heat flux for S1, S2, and S3 are 0.841 MW/m 2 , 0.847 MW/m 2 , and 0.907 MW/m 2 . It is obvious that S3 has the largest average heat flux and S1 is the smallest one. For S2 and S3, both maximum and average heat flux increase with the increase of prefused material in slag. The heat flux increasing rate for S2 and S3 is 11.4% and 7.08%, respectively. It tells the prefuesed material in slag has function to improve heat transfer.
The Influence of Raw Material Type on the Structure of Mould Slag
To study the root that causes the difference in heat transfer among these slags, the analysis on the crystal type and microstructure of the solid slag film were conducted.
XRD analysis shows the cuspidine(Ca4Si2O7F2) dominates the structure of S1, S2, and S3. Figure 4 illustrates a specific result of S3. The crystalline phase of mould slag should be the same if the chemical composition is identical.
The SEM images of slag are shown in Fig. 5 . It shows that the crystal of S1 has coarse grains. The grains cover the entire section of solid slag film. A large amount of air holes were observed near the sensor side. The appearance of the holes can prevent the heat transfer from molten slag to copper sensor; therefore, the chilling effect on the formed solid is much larger than other locations. The strong chilling effect can promote the formation of lath-shaped cuspidine crystal in this area. With the increase of the distance away from the sensor, the chilling rate tends to be lower. The temperature becomes favorable for the development and distribution of crystal, for example the skeleton or strip shape. From the Fig. 5 , the distribution of crystal for S2 and S3 is similar. Cuspidine was formed near the sensor side; glass layer appears on the liquid slag side. S2 has large grain size with spearhead shape. The grain size of S3 is smaller than that of S2 and the uniform distribution reduces the grain gap. Compared with S2 and S3, a large amount of air holes were observed in S1. The addition of sodium carbonate (Na2CO3) might be one of explanations. The addition of sodium carbonate in S2 and S3 is lower than that of S1 since the wollastonite in the raw materials was replaced by prefused material partly (for S2) or completely (for S3).
The possible reasons that cause the formation of bubbles in high sodium carbonate slag can be concluded as follow. The dissolved CO2 in molten slag increases with the increase of sodium carbonate content. The chilling effect of the sensor forces the formation of crystal in a short time. The crystal makes the trouble to the release of bubbles. Since the solubility of gas in the solid phase is much lower than that in the liquid phase, the dissolved gas gradually enriched in the crystal frontier and generated a layer of bubbles in the solid and liquid interface parallel to the crystal frontier. Another part of these bubbles may be caused by the diffusion of gas from liquid slag.
The solidification and crystallization of mould slag leads to the formation of air gap between the mould wall and slag, which cause huge heat resistance. The increase of interface resistance dominates the heat transfer in casting mould. Although it is difficult to determine the real interface resistance by the current equipment, the tested heat flux can reflected the value to some degree. According to the previous studies, 14, 15) the interface resistance is closely related to the crystallization ratio and the thickness of solid slag film. So the analysis of thickness and crystallization ratio could reflect the heat transfer in the interface and judge the heat transfer capacity of slag indirectly.
From the morphology of sample cross section, the crystallization ratio of S1, S2, and S3 are 80%, 56%, and 40%, respectively. In addition, the thickness of solid slag film of S1, S2, and S3, are 2.25 mm, 1.76 mm, and 1.54 mm, respectively. It is clear that the solid slag film of S3 is the thinnest, and has the lowest crystallization ratio, while that of S1 the thickest and highest, with more air holes. The air hole and crystal prevent the heat transfer. Also, the thickness of slag film has contribution on the heat transfer capacity. 7, 8, 13) Among the test slags, S3 has excellent heat transfer capacity. Because the solid slag film of S2 is thicker and has higher crystallization ratio than that of S3, plus the gap between crystal grains is larger, the heat transfer capacity of S2 is inferior to that of S3.
Possibly, more air holes in solid slag film cause the higher crystallization ratio and thicker solid slag film in S1. PONTOIRE 16) et al. believed that pores were conducive to the crystallization of mould slag, and heat flux decreased as porosity increased. It is because pores provided favorable condition for heterogeneous nucleation that reduced the required nucleation undercooling, which resulted in higher crystallization temperature of mould flux. 17) Therefore, crystallization could also occur in the high temperature region, so the crystallization ratio and thickness of solid slag film increased correspondingly. In addition, the crystal developed adequately and grain size was larger because of the faster crystal growth rate at higher temperature.
In general, cuspidine has been detected from the solid slag film for S1, S2 and S3 with the same chemical composition but different type of raw materials and mixture ratio. The appearances of cuspidine crystal can be found in reference 18. Meanwhile, the thickness and crystallization ratio of solid slag film of S1, S2 and S3 are different, which results in the different interface resistance and various heat transfer capacity. The important factor that influences the heat transfer capacity of slag is the structure of slag film. The structure of the slag is basically determined by raw 
Conclusion
By changing the type and mixture ratio of base material, three groups of mould slag with the same chemical composition have been prepared. Based on the study on heat transfer and film structure of these mould slags, the following conclusion can be draw:
(1) The viscosity, melting point, and the crystalline phase of the mould slag are independent on the raw materials. But the appearance and size of crystal are related to the raw materials.
(2) The addition of wollastonite in the base material promotes the formation of large size grain. The solid slag film is relatively thicker, with more air holes, and the heat flux passing through the slag film not strong.
(3) Replacing some wollastonite by prefused material can limit the crystallizing of mould slag. Thinner solid slag film with evenly distributed fine grains was observed. The slag has good performance on heat transfer. With the increase of mixture ratio of prefused material, the heat flux through slag film becomes stronger.
(4) According to the experimental results, as for the crack sensitive steel, lower heat flux can be achieved by reducing the mixture ratio of prefused material with Na2O without changing the composition of mould flux; On the contrary, heat flux can be increased by increasing the amount of prefused material with Na2O for the steel which is sensitive to sticking breakout.
